ABSTRACT | Hepatic cytochrome P450 (CYP) 2E1 and CYP2A5 activate many important drugs and hepatotoxins. CYP2E1 is induced by alcohol, but whether CYP2A5 is upregulated by alcohol is not known. This article reviews recent studies on the induction of CYP2A5 by alcohol and the mechanism and role of reactive oxygen species (ROS) in this upregulation. Chronic feeding of ethanol to wild type mice increased CYP2A5 catalytic activity and protein and mRNA levels. This induction was blunted in CYP2E1 knockout mice and by a CYP2E1 inhibitor, but was restored in CYP2E1 knockin mice, suggesting a role for CYP2E1 in the induction of CYP2A5 by alcohol. Since CYP2E1 actively generates ROS, the possible role of ROS in the induction of CYP2A5 by alcohol was determined. ROS production was elevated by ethanol treatment. The antioxidants N-acetyl cysteine and vitamin C lowered the alcohol-induced elevation of ROS and blunted the alcohol-mediated induction of CYP2A5. These results suggest that ROS play a novel role in the crosstalk between CYP2E1 and CYP2A5. Alcohol treatment activated nuclear factor erythroid 2 (NFE2)-related factor 2 (Nrf2), a transcription factor which up-regulates expression of CYP2A5. The antioxidants blocked the activation of Nrf2. The alcohol-induced elevation of CYP2A5, but not CYP2E1, was lower in Nrf2 knockout mice. We propose that increased generation of ROS from the alcohol-induced CYP2E1 activates Nrf2, which subsequently up-regulates the expression of CYP2A5. Thus, a novel consequence of the alcohol-mediated induction of CYP2E1 and increase in ROS is the activation of redox-sensitive transcription factors, such as Nrf2, and expression of CYP2A5. Further perspectives on this alcohol-CYP2E1-ROS-Nrf2-CYP2A5 pathway are presented.
INTRODUCTION
Cytochromes P450 2E1 (CYP2E1) and 2A5 (CYP2A5) are members of the CYP superfamily which metabolize many important drugs and toxins. For example, CYP2E1 can metabolize alcohol, acetaminophen, benzene, carbon tetrachloride (CCl 4 ), and nitroamines, while CYP2A5 metabolizes nicotine, aflatoxin, and nitrosamines, among others. Both CYP2E1 and CYP2A5 are inducible enzymes. Many different compounds can increase their expression; for example, ethanol and pyrazole can induce CYP2E1, and pyrazole can induce CYP2A5. The ability of ethanol to induce CYP2A5 is a major focus of this review. As discussed below, CYP2E1 has been shown to be an active generator of reactive oxygen species (ROS) and plays an important role in the elevated production of ROS found after acute and chronic ethanol treatment. Nuclear factor erythroid 2 (NFE2)-related factor 2 (Nrf2) is an important transcription factor which upregulates many antioxidant genes and is protective against chemical toxicity and oxidative stress. Nrf2 also promotes the expression and upregulation of CYP2A5. Nrf2 is activated under conditions of elevated ROS. Alcohol can activate Nrf2, at least in part, via CYP2E1-generated ROS, and Nrf2 is protective against alcohol-induced liver injury and fat accumulation.
The goal of this review is to describe the mechanism by which alcohol upregulates the expression of CYP2A5 and explore the roles of CYP2E1, ROS, and Nrf2 in this mechanism. A series of possible future directions to further explore the interactions among the different components and significance of this alcohol-CYP2E1-ROS-Nrf2-CYP2A5 pathway conclude the review.
CYP2E1 AND ALCOHOLIC LIVER DISEASE
Cytochromes P450 are a superfamily of hemeproteins that metabolize various endogenous substrates such as steroids and fatty acids, and xenobiotics including drugs, toxins, and carcinogens [1] . CYP2E1 efficiently activates oxygen during consumption of NADPH provided by the NADPH-cytochrome P450 reductase, and this results in the production of ROS [2] . Microsomes from ethanol-treated animals displayed elevated rates of production of ROS and lipid peroxidation (LPO). At the microsomal level, increased generation of ROS by ethanol was thought to be through the induction of CYP2E1, because CYP2E1 exhibited enhanced NADPH oxidase activity as it is poorly coupled with NADPH-cytochrome P450 reductase [3, 4] . Microsomes from ethanoltreated animals, in which CYP2E1 was predominantly induced, displayed elevated rates of generation of hydrogen peroxide and superoxide radical, two major members of ROS. Increases in production of ROS after ethanol treatment were prevented by anti-CYP2E1 IgG, thus linking the generation of ROS to the induction of CYP2E1 [2, 5, 6] .
CYP2E1 metabolizes many hepatotoxins to their active toxic forms. Examples include acetaminophen, benzene, CCl 4 , halogenated hydrocarbons, procarcinogens such as nitrosamines and azo compounds, ethanol, and other alcohols. Toxicity of these compounds is increased by chronic ethanol treatment because of the ethanol induction of CYP2E1 [7] [8] [9] . Besides its importance in drug and chemical and alcohol toxicity, CYP2E1 can be induced under a variety of metabolic and nutritional conditions such as diabetes, fasting, obesity, or high fat diets [2, 5, 6] .
ROS
Many of the hepatic toxic effects of ethanol have been linked to its metabolism by CYP2E1. Studies in rodents with the intragastric ethanol infusion model showed that evident induction of CYP2E1 by chronic alcohol consumption parallels with significant alcoholic liver injury [10] [11] [12] . CYP2E1 inhibitors, such as diallyl sulfide (DAS) [13] , phenethyl isothiocyanate (PIC) [14, 15] , and chlormethiazole (CMZ) [16] , blocked hepatic LPO and ameliorated alcoholinduced hepatic pathological changes in rats. Polyenylphosphatidylcholine (PPC), which was effective in suppressing alcohol-induced oxidative stress [17] , also had an inhibitory effect on CYP2E1 [18] . Bardag-Gorce et al. [19] found that chronic ethanolinduced liver injury, oxidative stress, and decline in activity of the proteosome were blunted in CYP2E1 knockout (KO) mice.
We applied an oral feeding model instead of the intragastric infusion model to examine the role of CYP2E1 in alcoholic liver disease (ALD) and found that alcoholic steatosis and oxidative stress were only observed in wild type (WT) mice, but not in CYP2E1 KO mice [20] . Importantly, when the human CYP2E1 gene was reintroduced and expressed in CYP2E1 KO mice (humanized CYP2E1 transgenic mice; also known as knockin mice), ethanolinduced steatosis and oxidative stress were again observed [21] . These experiments suggest that CYP2E1 plays an important role in the development of ALD. The above considerations and the biochemical and toxicological properties of CYP2E1 and its contribution to alcohol-induced liver injury have been reviewed in detail [2, 5, 6, [22] [23] [24] .
In addition to CYP2E1, gut-liver axis-mediated cytokines, such as tumor necrosis factor alpha (TNF-α), are generally considered as contributors to the development of ALD. Chronic alcohol consumption increases gut wall permeability, which results in elevated lipopolysaccharide (LPS) absorption into blood from the lumen of the intestine. In the liver, LPS activates Kupffer cells to produce and release TNF-α, which can subsequently cause liver injury. Pyrazole, a potent inhibitor of alcohol dehydrogenase and of the oxidation of ethanol, is a well characterized inducer of CYP2E1 [25, 26] . We used pyrazole as a CYP2E1 inducer to test whether CYP2E1 synergizes with LPS to enhance liver injury. CYP2E1 was induced by pyrazole in WT mice, but not in CYP2E1 KO mice, and pyrazole/LPS-induced liver injury was more severe in WT mice than in CYP2E1 KO mice, supporting the notion that CYP2E1 synergizes with LPS to enhance liver injury [27] .
CYP2E1-CYP2A5 INTERACTIONS
Among many CYP2A subfamily members, CYP2A5 is expressed in the liver, kidney, lung, brain, olfactory mucosa, and small intestine, but not in the heart or spleen [28] . CYP2A6, the human ortholog to mouse CYP2A5, is expressed predominantly in the liver [29] . Coumarin, a plant alkaloid, is 7-hydroxylated by coumarin 7-hydroxylase (COH) which is encoded by the cyp2a5 gene in mouse and the cyp2a6 gene in human (for details about CYP2A5, refer to recent reviews [30, 31] ). Besides CYP2E1, CYP2A6 was also found to be induced in liver samples from patients with alcoholic and nonalcoholic liver diseases [32] . As will be discussed below, CYP2A5 can be induced by alcohol in mice, and ethanol-mediated induction of CYP2A5 was CYP2E1-dependent; in human livers from ALD or cirrhosis patients, those with higher CYP2E1 expression also had elevated CYP2A6 expression. Thus, CYP2E1 and CYP2A5/6 seem to be interactive during their co-induction by ethanol; however, the mechanisms for these mutual interactions are not known.
As aforementioned, pyrazole is a potent inducer of CYP2E1, it is also an effective inducer of CYP2A5 [33] . While CYP2E1 was induced by pyrazole in WT mice, but not in CYP2E1 KO mice, CYP2A5 induction was also higher in WT mice than in CYP2E1 KO mice, and the constitutive expression of CYP2A5 was lower in CYP2E1 KO mice than in WT mice [27] . CMZ, an inhibitor of CYP2E1, was used in an attempt to exclude the possible effects of CYP2A5 in the pyrazole/LPS liver injury. However, CYP2A5 was also decreased when CYP2E1 was inhibited by CMZ; likewise, CYP2A5 induction by pyrazole was also lower in CYP2E1 KO mice [27] . Thus, CYP2E1 and CYP2A5 may both connect to pyrazole/LPS liver injury as there appear to be interactions between these two CYPs in the development of ALD as discussed below.
NRF2 SIGNALING
Nrf2 is a leucine zipper transcription factor which binds to the antioxidant response element (ARE) (al-ROS so known as electrophile response element) of many genes to upregulate their expression [34] [35] [36] . Many of these gene products are involved in drug metabolism, such as CYP1A, CYP2A5, glutathione transferases (GST), drug transporters, alcohol dehydrogenase 7, aldehyde dehydrogenase 3, sulfotransferases, and glucuronyl transferases. Many others are involved in the detoxification and removal of ROS, such as superoxide dismutases (SOD), peroxiredoxins, sulfiredoxin, thioredoxins, glutathione peroxidases, glucose-6-phosphate dehydrogenase, NAD(P)H:quinone oxidoreductase, heme oxygenase 1 (HO-1), glutathione reductase, and the key enzyme in glutathione biosynthesis-gammaglutamylcysteine synthetase catalytic subunit (GCSC) and regulatory subunit (GCSR) [37] . Activation of Nrf2 plays a major role in resistance to chemical toxicity and oxidative stress. For example, Nrf2 KO mice show increased sensitivity to chemical toxicity and pathologies associated with oxidative stress [38, 39] . Activation of Nrf2 by various chemoprotective agents, such as sulforaphane, tert-butyl hydroquinone, and butylated hydroxyl anisole, affords protection against oxidative stress-induced toxicity [40] . Under basal cellular conditions, Nrf2 activation and translocation to the nucleus are suppressed by its binding to Keap1 (Kelch-like erythroid cell derived protein with CNC homology-associated protein 1). Modification of thiols of Nrf2 and/or Keap1 by oxidants and electrophiles dissociates Nrf2 from Keap1, followed by degradation of Keap1 by the proteasome complex and translocation of Nrf2 into the nucleus where it can dimerize with small Maf proteins to function as a transcription factor [34, 37] . Several recent reports have described the utility of Nrf2 in protection against liver diseases including alcohol and non-alcohol-induced steatohepatitis, liver fibrosis, hepatic iron toxicity, and acetaminopheninduced hepatotoxicity [38, 39, 41] .
ETHANOL/CYP2E1-NRF2 INTERACTIONS
CYP2E1 was found to promote an initial upregulation of antioxidant defense in liver cells. Levels of reduced glutathione (GSH), catalase, GST, and HO-1 were elevated in HepG2 E47 cells which express CYP2E1 compared to the control C34 cells which do not express CYP2E1 [42, 43] . The upregulation of these antioxidant enzymes in the E47 cells was blunted by antioxidants including N-acetyl-Lcysteine (NAC) as well as by inhibitors of CYP2E1, which leads to the proposal that ROS generated from CYP2E1 in the E47 cells leads to the upregulation of these antioxidants [44, 45] . Similar results were obtained with hepatocytes isolated from rats with elevated levels of CYP2E1 [45] . These studies suggested that upregulation of antioxidant enzymes was an initial adaptive response of liver cells to the oxidative stress and toxicity promoted by CYP2E1.
Nrf2 regulates the expression of these antioxidant enzymes found to be elevated in liver cells with high expression of CYP2E1, and indeed Nrf2 was activated in the cells with high CYP2E1 expression [46, 47] . The increases in Nrf2 activation were blocked by lowering levels of ROS and by inhibitors of CYP2E1, thus implicating that CYP2E1-derived ROS contributed to the upregulation of Nrf2 in the liver cells. Therefore, the upregulation of Nrf2 in response to CYP2E1-derived ROS in the liver cells may result in elevated antioxidant defense and protection against CYP2E1 toxicity in these cells.
Treatments that elevated CYP2E1 levels in vivo also increased liver Nrf2 levels. Pyrazole is a wellknown inducer of CYP2E1 [25] . Administration of pyrazole to rats and to mice elevated levels of hepatic CYP2E1 by about 2.5-3 fold. This was accompanied by a comparable increase in Nrf2 protein levels. Chronic ethanol feeding to rats and mice elevated CYP2E1 protein levels and catalytic activity, and these increases were accompanied by two-fold increases in Nrf2 protein and mRNA levels [46, 47] .
Fetal alcohol spectrum disorder is a major birth defect caused by maternal intake of alcohol during pregnancy. Ethanol-induced oxidative stress has been implicated in the toxic actions of alcohol to the fetus [48] . This has led to investigation in vivo or in vitro as to whether activation of Nrf2 is protective against alcohol-induced fetal toxicity. In vivo, consumption of ethanol by the mother resulted in an elevated level of Nrf2 protein in mouse embryos [49] . This increase in Nrf2 elevated downstream targets of Nrf2 such as the antioxidant enzymes SOD, catalase, and glutathione peroxidase. Further elevation of Nrf2 levels and of these downstream targets by the Nrf2 inducer, 3H-1,2-dithiole-3-thione, lowered levels of ROS and protected the embryos against alcoholinduced apoptosis and toxicity. In vitro, addition of sulforaphane to neural crest cells activated Nrf2, followed by increases in Nrf2-regulated antioxidant en-ROS zymes [50] . As a result, ethanol-induced oxidative stress and apoptosis to the neural crest cells were prevented. In contrast, treating these cells with Nrf2 siRNA sensitized them to the effects of ethanol [50] . Ethanol caused an increase in Nrf2 protein levels in primary cortical neurons; however, GSH levels still declined, and apoptosis and cell death occurred [51] . Knockdown of Nrf2 exaggerated the decline in GSH and the occurrence of apoptosis caused by ethanol. Over-expression of Nrf2 via adenoviral delivery prevented the loss of GSH and the occurrence of apoptosis caused by ethanol in the neurons [51] . These and other studies show that upregulation of Nrf2 and antioxidant genes may be effective approaches to affording protection against alcohol actions in the embryo and brain cells.
Sulforaphane was recently shown to blunt binge ethanol-induced fatty liver in vivo and in vitro [52] . In an acute binge mouse model of alcohol administration, sulforaphane administered along with the binge alcohol lowered the alcohol-mediated elevation of oxidative stress in association with activation of Nrf2 and increased levels of GSH and HO-1. These changes prevented the increases in liver triglyceride levels. In vitro, addition of sulforaphane to HepG2 E47 cells activated Nrf2, elevated GSH levels, and lowered the increases in ROS produced when ethanol was added to these CYP2E1-expressing cells. The ethanol-induced increases in cellular triglycerides and lipid droplets were also decreased by sulforaphane addition. Thus, activation of Nrf2 by sulforaphane both in vivo and in vitro proved to be effective in protecting against ethanolinduced fat accumulation in liver cells [52] .
Expression of Nrf2 was shown to protect against alcohol-induced liver injury in a study in which WT and Nrf2 KO mice were fed an ethanol-containing diet [53] . Increased mortality, fat accumulation, and liver injury occurred in the ethanol-fed Nrf2 KO mice compared to control diet-fed Nrf2 KO mice and ethanol-fed WT mice. In an interesting study, ethanol was acutely administered to WT mice, Nrf2 KO mice, Keap1 knockdown mice with elevated Nrf2, and hepatocyte Keap1 KO mice with maximal Nrf2 levels [54] . Ethanol-induced liver injury, steatosis, oxidative stress, and changes in mitochondrial GSH levels paralleled the Nrf2 levels as fat accumulation, hepatocyte damage, and lipid peroxidation were highest in the Nrf2 KO mice, intermediate in the WT mice, and lowest in the mice with high levels of Nrf2 due to the decline in Keap1. These studies clearly demonstrate that Nrf2 activation is effective in blunting ethanol-induced oxidative stress, fat accumulation, and liver injury [54] . Besides these in vivo studies, Nrf2 was protective against hepatotoxicity in vitro. For example, the flavonoid quercetin protected human hepatocytes against ethanol toxicity, and this protection was mediated via quercetin activating Nrf2 translocation into the nucleus, followed by induction of HO-1 [55] . As discussed below, another role of Nrf2 in ethanol/CYP2E1 actions is the induction of CYP2A5 by ethanol.
INDUCTION OF CYP2A5 BY ACUTE AND CHRONIC ETHANOL TREATMENT
Levels of several CYPs, notably, CYP2E1 and CYP2A6, were found to be increased in livers of patients with either alcoholic or non-alcoholic liver disease [32] . In vitro studies showed that ethanol treatment up-regulated CYP2A6 expression in human U937 monocytes [56] . Does ethanol induce CYP2A5? When drinking water containing ethanol was fed to mice, CYP2A5 was not induced [57] . We initiated studies to evaluate and characterize whether acute and/or chronic ethanol treatment can induce hepatic CYP2A5 and investigated the possible mechanisms for such an induction. Considering the well-known inducibility of CYP2E1 by ethanol, we were especially interested in knowing whether CYP2E1 and CYP2E1-derived ROS play a role in the actions of ethanol to induce CYP2A5. Results presented below are summarized from our previously published studies [58, 59] .
Chronic Ethanol Induction of CYP2A5
After one week of ethanol feeding, CYP2E1 protein levels and catalytic activity (with para-nitrophenol as a substrate) were elevated 2-3 fold as compared to the dextrose controls, and this level of increase was maintained over the 3-week feeding period. CYP2A5 protein and catalytic activity (coumarin hydroxylation) were not altered after one week of ethanol feeding, relative to the pair-fed dextrose controls. However, both CYP2A5 protein and activity doubled by two weeks of ethanol feeding, and both were elevated about 4-fold after 3 weeks of feeding. Induction of CYP2E1 by chronic ethanol is largely via a ROS posttranscriptional mechanism involving stabilization of the CYP2E1 protein by the ethanol substrate/ ligand against proteasome-mediated degradation [60, 61] , and this was confirmed in our further studies as CYP2E1 mRNA levels were not altered under conditions in which CYP2E1 protein and activity increased. However, at 3 weeks, ethanol did increase CYP2A5 mRNA levels approximating the 4-fold increase in CYP2A5 protein. Thus, while chronic ethanol feeding increases two important CYPs in the liver, the mechanism of induction for each CYP appears to differ. Interestingly, those zones of the liver from the ethanol-fed mice with the highest levels of CYP2E1 as detected immunohistochemically also contained the highest amounts of CYP2A5, i.e., CYP2E1 and CYP2A5 co-localized in the liver. With respect to the human liver, samples of human livers were obtained from our Medical School's Department of Pathology and assayed for levels of CYP2E1 and CYP2A6 (the human ortholog of mouse CYP2A5) by immunoblots. One sample of liver was from a control healthy liver, 2 samples were from patients with ALD, and 4 samples were from patients with liver cirrhosis. The levels of both CYPs varied widely from liver to liver, e.g., CYP2E1 was elevated in one of the two livers from patients with ALD and in two of the four livers from patients with cirrhosis. The levels of CYP2A6 paralleled the levels of CYP2E1, being elevated in the one ALD patient with the higher CYP2E1 and the two cirrhotic patients with the higher CYP2E1. Those livers with lower CYP2E1 content also had lower CYP2A6 content. These studies suggest a close association between the induction of CYP2E1 and the induction of CYP2A5/2A6.
To examine the possible association between CYP2E1 and CYP2A5 more directly, we determined if chronic ethanol feeding induced CYP2A5 in CYP2E1 KO mice. These mice were developed by Dr. Frank Gonzalez's group at the U.S. National Cancer Institute (NCI) [62] to allow evaluation of the role of CY2E1 in the biochemical and toxicological actions of ethanol. Whereas 3 weeks of ethanol feeding elevated CYP2A5 protein, mRNA, and activity by 4-fold in WT mice, there was no increase in CYP2A5 protein, mRNA, or activity in the CYP2E1 KO mice; basal levels of CYP2A5 and activity in the dextrose-treated mice were similar in the WT and the KO mice. Thus, failure to induce CYP2A5 in the CYP2E1 KO mice implicates a role for CYP2E1 in the induction of CYP2A5 by chronic ethanol feeding. These experiments were repeated in humanized CYP2E1 knockin (KI) mice, in which the human CYP2E1 is added back into the CYP2E1 KO mice to reestablish expression of human CYP2E1 and ascertain whether the absence of an activity in the CYP2E1 KO mice can be restored when CYP2E1 is restored [63] . Indeed, feeding the CYP2E1 KI mice ethanol chronically for 3 weeks resulted in an induction of CYP2A5 protein, mRNA, and catalytic activity. Ethanol elevated CYP2E1 protein and activity (but not mRNA) in the WT and the KI mice. These results indicate that while CYP2A5 is constitutively expressed in the absence of CYP2E1, induction of CYP2A5 by chronic ethanol requires CYP2E1.
To further validate the role of CYP2E1 in the induction of CYP2A5 by chronic ethanol feeding, the effect of CMZ, an effective chemical inhibitor of CYP2E1, was determined. CMZ has been previously used to block ethanol-induced liver pathology in the intragastric infusion model of chronic ethanol feeding [16] and to block ethanol-induced steatosis and oxidant stress in the Lieber-DeCarli liquid ethanol diet model [20] . Treatment with CMZ decreased the chronic ethanol-mediated induction of CYP2E1 and CYP2A5 comparably. Thus, either genetic knockout of CYP2E1 or chemical inhibition of CYP2E1 blocks ethanol-mediated induction of CYP2A5.
Acute Ethanol Induction of CYP2A5
We evaluated whether an acute ethanol induction model for CYP2A5 could be developed using the CYP2E1 KI mice with higher levels of CYP2E1 than the WT mice. CYP2E1 KI and KO mice were fed the Lieber-DeCarli liquid diet for 1, 2, and 3 days. CYP2E1 catalytic activity and protein level increased about 2-and 3-fold after 1 and 3 days of the ethanol feeding, respectively, in the KI mice. No CYP2E1 activity or protein was found in the CYP2E1 KO mice. With respect to CYP2A5, there was little increase in the catalytic activity or protein levels after 1 day of the ethanol feeding, but both activity and protein levels were increased 3-and 5-fold in the KI mice after 2 and 3 days of ethanol feeding, respectively. No such increases were found in the CYP2E1 KO mice. Thus, acute ethanol feeding can induce CYP2A5 when levels of CYP2E1 are high, and this induction occurs after CYP2E1 is initially and sufficiently elevated. VOLUME 1 | ISSUE 2 | MARCH 2016
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Mechanism of Induction of CYP2A5 by Ethanol and the Potentiation by CYP2E1
Role of ROS
Mechanistic studies initially focused on the possible role of ROS in the potentiation of ethanol-mediated induction of CYP2A5 by CYP2E1 since CYP2E1 produces ROS and contributes to the oxidative stress produced by acute and chronic ethanol treatment. CYP2E1 KI mice were fed with ethanol acutely for 2 days in the presence and absence of the antioxidants NAC or vitamin C. The acute ethanol treatment increased production of thiobarbituric acid-reactive substances (TBARS) as a reflection of LPO and caused a decline in hepatic levels of GSH, indices suggestive of enhanced oxidative stress. The treatments with either NAC or vitamin C prevented the increases in TBARS and the decline in GSH, thus blocking the acute ethanol-elevated oxidative stress. The acute ethanol feeding elevated the activity of both CYP2E1 and CYP2A5 and the protein levels of both CYPs about 3-fold. Treatment with the antioxidants blunted the increase in CYP2A5 activity by about 65-70% and also lowered the increase in CYP2A5 protein. However, the antioxidants had no effect on the induction of CYP2E1 activity or protein by the acute ethanol treatment. Thus, the induction of CYP2A5, but not CYP2E1, by acute ethanol involves, at least in part, a role for ROS.
Similar results were observed for chronic ethanol induction of CYP2A5. WT mice were fed ethanol for 3 weeks in the presence and absence of either NAC or vitamin C (given once daily via intraperitoneal injection). The chronic ethanol feeding elevated TBARS and lowered liver GSH, and these effects were prevented by the administration of either of the 2 antioxidants. CYP2E1 and CYP2A5 activity and content were increased 3-fold by the chronic ethanol feeding. Treatment with NAC or vitamin C almost totally blocked the induction of CYP2A5 by the chronic ethanol treatment. Similar to the acute ethanol model, the induction of CYP2E1 by chronic ethanol was not affected by the antioxidants.
Role of Nrf2
Expression of CYP2A5 and CYP2A6 are regulated by the redox-sensitive transcription factor Nrf2 [64] [65] [66] , which can be elevated by pyrazole and ethanol, agents that increase CYP2E1 and ROS [46, 47] . In view of the induction of CYP2E1 by ethanol, the increase in ROS by ethanol, the blocking of ethanolmediated induction of CYP2A5 by antioxidants, and the critical role of Nrf2 in regulating the expression of the cyp2a5 gene, a hypothesis was formulated in which ethanol-mediated induction of CYP2E1 leads to an increase in ROS, which then leads to the activation of Nrf2, which subsequently activates expression of CYP2A5. We evaluated whether the acute and chronic ethanol treatments activated Nrf2 and the role of ROS and CYP2E1 in such activation. One day treatment of CYP2E1 KI mice with ethanol resulted in an increase in Nrf2-DNA binding and hepatic Nrf2 levels and of nuclear levels of Nrf2, which were further elevated after 2 and 3 days of ethanol feeding. No such increases were found with the CYP2E1 KO mice. Thus, CYP2E1 was required for acute ethanol activation of Nrf2. The acute ethanol activation of Nrf2 was blocked when the KI mice were treated with NAC or vitamin C, indicating that CYP2E1-generated ROS are important in the acute ethanol activation of Nrf2. Similar results were found for the chronic ethanol feeding model as Nrf2 was activated in WT mice fed ethanol for 3 weeks. This activation was not found in the ethanol-fed CYP2E1 KO mice. Feeding ethanol chronically along with either NAC or vitamin C blunted activation of Nrf2. The induction of CYP2A5, but not CYP2E1, by either acute or chronic ethanol treatment was prevented under these conditions when activation of Nrf2 was blocked.
As discussed above, alcohol-induced liver injury was enhanced in Nrf2 KO mice [53] . The induction of CYP2A5 by chronic ethanol was determined in liver samples from Nrf2 KO mice kindly provided by Dr. Arndt Vogel [53] . Induction of CYP2A5 catalytic activity was lower in the Nrf2 KO mice (about 4-fold) as compared to the WT mice (about 9-fold), whereas induction of CYP2E1 was identical; the latter confirmed the results of Lamle et al. [53] . Thus, maximal induction of CYP2A5, but not CYP2E1, requires Nrf2.
CYP2A5 AND ALD
The experiments described above indicate that acute and chronic ethanol induction of CYP2A5 is strongly potentiated by CYP2E1. Is ethanol-mediated induc-ROS tion of CYP2E1 influenced by CYP2A5? Is there a role for ethanol-induced CYP2A5 in the development of ALD? To answer these questions, CYP2A5 KO mice were applied. The CYP2A5 KO mice were provided as a generous gift from Dr Xinxin Ding (SUNY College of Nanoscale Science and Engineering, Albany, NY, USA) [67] . These mice were fed ethanol chronically along with their genetic control WT mice. As expected, the ethanol feeding elevated CYP2A5 protein and activity in the WT mice, but not in the CYP2A5 KO mice. However, the ethanol feeding produced a comparable increase in CYP2E1 protein and catalytic activity in both the WT and the CYP2A5 KO mice as compared to dextrose-fed controls. Thus, the increase in CYP2E1 by ethanol is independent of the presence of CYP2A5, in contrast to the increase in CYP2A5 by ethanol which requires CYP2E1.
To examine the role of ethanol-induced CYP2A5 in the development of ALD, liver injury was evaluated. Our results suggest that in contrast to CYP2E1, CYP2A5 protects against, rather than promotes, the development of ALD. After ethanol feeding, serum alanine aminotransferase (ALT) and aspartate aminotransferase (AST) were increased in CYP2A5 KO mice to a greater extent than in WT mice, and consistently, necroinflammation and steatosis were observed in liver sections upon hematoxylin and eosin staining and were more severe in CYP2A5 KO mice than in WT mice. Although hepatic GSH was decreased comparably in CYP2A5 KO mice and WT mice, TBARS, a marker of LPO, was increased by ethanol feeding more than 2-fold in CYP2A5 KO mice, but it was increased only 50% in WT mice [68] . Formation of 4-hydroxy-2-nonenal adducts (HNE) and 3-nitrotyrosine adducts (3-NT), markers of oxidative stress, were detected in liver sections from CYP2A5 KO mice to a greater extent than in those liver sections from WT mice [68] . These results suggest that CYP2A5 induction lowers alcoholinduced liver injury and oxidative stress, which is not surprising considering the facts that ethanolmediated induction of CYP2A5 is regulated by the Nrf2 pathway and CYP2E1 up-regulates antioxidant genes. Thus, the ethanol-induced CYP2A5 may be among the panel of Nrf2-regulated antioxidant genes to protect against ALD.
Alcohol consumption can also induce liver fibrosis. Can CYP2A5 protect against liver fibrogenesis? Administration of CCl 4 and thioacetamide (TAA) are two major models for the development of liver fibrosis. Interestingly, TAA induces CYP2A5 in the liver [69] , but CCl 4 has no inductive effect on CYP2A5 [70] . We found that TAA-induced liver fibrosis was enhanced in CYP2A5 KO mice while CCl 4 -induced liver fibrosis was comparable in WT and CYP2A5 KO mice [71] . These results suggest that CYP2A5 protects against TAA-induced liver fibrosis, but has no effect on CCl 4 -induced liver fibrosis.
CONCLUSIONS AND PERSPECTIVES
Based on the requirement for CYP2E1 for effective induction of CYP2A5 and Nrf2 by acute and chronic alcohol treatment, the requirement for Nrf2 for maximal induction of CYP2A5, and the prevention by antioxidants of this induction of Nrf2 and CYP2A5, the scheme shown in Figure 1 is proposed to reflect a mechanism for interactions among alcohol, CYP2E1, ROS, and Nrf2 in promoting the induction of CYP2A5. We suggest that increased generation of ROS produced from the induction of CYP2E1 by acute or chronic alcohol treatment activates Nrf2, and once activated, Nrf2 transcriptionally activates CYP2A5. While the increase in CYP2E1 by alcohol has generally been studied from either a drug metabolism point of view or a toxicological point of view, CYP2E1-generated ROS can also modulate transcription factor activity and thereby regulate expression of various genes. As summarized in this review, it appears novel that another consequence of the increase in CYP2E1-generated ROS and activation of Nrf2 is the induction of another member of the cytochrome P450 family, CYP2A5.
Several directions for future research which may develop from these studies are the following:
(1) Alcohol can cause an increase in levels of heme, and free heme can catalyze the production of ROS through the Fenton chemistry [72, 73] . Alcohol increases HO-1 levels, and this enzyme causes degradation of heme with the production of iron, carbon monoxide, and the bile pigments biliverdin and bilirubin [72] . Recently, bilirubin was identified as an endogenous substrate for CYP2A5, and CYP2A5 can function as a hepatic bilirubin oxidase to oxidize bilirubin to biliverdin [74, 75] . Both HO-1 and CYP2A5/6 are regulated by Nrf2, and it is possible that HO-1-ROS mediated induction of bilirubin production, and CYP2A5 could control the intracellular levels of bilirubin [75] . (2) Is alcohol a ligand or a substrate for oxidation by CYP2A5? Many substrates for cytochrome P450s induce their own metabolism via increasing the levels of the CYP enzyme which metabolizes that substrate. Alcohol induces CYP2E1 and binds to CYP2E1 producing a modified type II binding spectrum and being oxidized to acetaldehyde [7] . Could the alcohol induction of CYP2A5 reflect a fact that alcohol serves as a metabolic substrate for CYP2A5? This can be readily addressed using isolated microsomes expressing only CYP2A5 or microsomes from CYP2A5 KO mice or studying the oxidation of ethanol to acetaldehyde in the presence and absence of inhibitors of CYP2A5 or inhibitory CYP2A5 antibodies. Alternatively, ligands for CYP2E1, like alcohol, can increase the half-life of CYP2E1 protein by stabilizing the protein against proteasome-mediated degradation [60, 61] . Although, unlike CYP2E1, CYP2A5 is elevated by alcohol in mRNA levels suggesting transcriptional upregulation, the effect of alcohol as a possible ligand on the stability and half-life of CYP2A5 warrants investigation. (3) Does alcohol induce human CYP2A6, and if it does, is the mechanism similar to the alcohol induction of CYP2A5? CYP2A6, like CYP2A5, has been shown to be regulated by Nrf2 [66] . As mentioned above, there appears to be an association between levels of CYP2A6 and CYP2E1 in human livers from patients with ALD and with cirrhosis. Perhaps such livers can be assayed for levels of Nrf2. It is unclear whether incubation FIGURE 1. The Schema of hypotheses. Ethanol causes proliferation of smooth endoplasmic reticulum (SER), which contains CYP2E1 and CYP2A5. CYP2E1-mediated ROS may activate redox sensitive transcription factor Nrf2, which in turn up-regulates CYP2A5. ROS derived from CYP2E1 contribute to liver injury. Vit C denotes vitamin C; for others in the figure, refer to the Abbreviations section.
ROS
of human hepatocytes with ethanol causes induction of CYP2A6. The human monocyte cell line U937 exhibited higher levels of CYP2A6 in response to ethanol treatment [56] . Blood monocytes isolated from alcoholic patients may be a simple and feasible way to examine ethanol induction of CYP2A6 in humans. (4) What other transcription factors, besides Nrf2, play a role in the upregulation of expression of CYP2A5 by alcohol? Normally, Nrf2 heterodimerizes with small Maf proteins to function as a transcription factor. As discussed above, although lower, there was still significant induction of CYP2A5 by alcohol in Nrf2 KO mice. Besides Nrf2, other transcription factors are known to be capable of regulating the basal and the inducible expression of the CYP2A5 gene [31] , and these include retinoid X receptor (RXR) alpha, coactivator PGC-1 alpha, and the aryl hydrocarbon receptor nuclear translocator [76, 77] . The effects of alcohol on these transcription factors should be assessed by chromatin immunoprecipitation (ChIP) experiments to identify transcription factor binding to the CYP2A5 promoter. (5) CYP2A5/2A6 is the major CYP for oxidation of nicotine to cotinine [67, 78] . Most alcoholics also smoke [79] , and therefore it is likely that alcohol induction of CYP2A5/2A6 will accelerate blood nicotine clearance and increase the amount of tobacco smoking to maintain blood nicotine levels. We recently reported that intraperitoneal injection of nicotine increased chronic ethanolinduced steatosis and collagen deposition, but not inflammation [80] . Further studies on nicotine-alcohol biochemical and toxicological interactions would be of importance. (6) CYP2A5/2A6 oxidizes and activates many hepatocarcinogens [28] . One of the most significant diseases caused by alcohol is cancer as alcohol is considered a carcinogen for many tissues including the liver [81] . Several molecular mechanisms have been described for alcohol-mediated promotion of carcinogenesis [81] . One mechanism is CYP2E1-mediated activation of procarcinogens (e.g., nitrosamines) to the ultimate reactive carcinogens. Alcohol induction of CYP2A5/2A6 and the propensity of this CYP to oxidize and activate nitrosamines and other procarcinogens suggest that CYP2A5 may contribute to the actions of alcohol in promoting carcinogenesis. It will be interesting to detect whether CYP2A5 in the mouse lung and its orthologue CYP2A13 in the human lung are induced by alcohol and to evaluate whether alcohol synergizes with tobacco smoke to cause lung cancer. (7) An interesting speculation is the possibility that other CYPs which can be regulated by Nrf2 may be up-regulated by alcohol induction of CYP2E1 analogous to CYP2A5. Recently, cyp2b10 gene expression was shown to be increased by activators of Nrf2 such as phorone and phenobarbital in WT mice, but not in Nrf2 KO mice [82] . Alcohol has been shown to increase hepatic CYP2B, but we are not aware of any studies specifically evaluating cyp2b10. (8) Future studies will be required to evaluate the pathophysiological significance of CYP2A5, and its induction by acute and chronic alcohol treatment, to the biochemical and toxicological actions of alcohol on the liver and possibly on other tissues known to be affected by alcohol.
